cleaning culture tubes for the USP vitamin B12 microbiological assay. J. Am. Pharm. Assn., Sci. Ed., 43, 382. STOKSTAD, E. L. R., SEAMAN, G. R., DAVIS, R. T., AND Received for publication December 12, 1956 Mlany of the data concerning the destruction of bacteria and their spores by deleterious agents have been presented with the assumption that the "logarithmic order of death of bacteria" has been adequately validated (Bigelow, 1921; Esty and Williams, 1924; Rahn, 1945a, b; Stumbo et al., 1950; Lee, 1953; Schmidt et al., 1955; El-Bisi and Ordal, 1956a, b) . Some investigators, however, have reported data which do not agree with this point of view (Falk and Winslow, 1926; Williams, 1929 ; Davis and Williams, 1948; Reed et al., 1951; Sugiyama, 1951; Reynolds and Lichtenstein, 1952; Kaplan et al., 1953; La Baw and Desrosier, 1954) . The concept of a logarithmic order of death has led to the evolution of a useful tool, the death rate constant and its reciprocal, D, the thermal resistance value (Stumbo, 1948a) . This constant, D, or its equivalent, has been used to express the resistance of an organism under specified conditions and has been employed in the derivation of methods for thermal process evaluation and calculation (Stumbo, 1949 (Stumbo, , 1953 Tischer and Hurwicz, 1954; Levine, 1956) .
This investigation was initiated as a result of observed inconstancy of the D values of a putrefactive anaerobe (PA) strain 3679 caused by changes in initial concentration and/or length of heating time. Because of difficulty in obtaining accurate colony counts of this gas forming anaerobe, Bacillus coagulans strain 43 P was chosen as the test organism for the rate of destruction studies. This organism exhibits no dormancy following heat treatment, thus survivors can be enumerated accurately by conventional plating procedures, and has fairly heat resistant spores. Furthermore, Youland and Stumbo (1953) , using the "tube method," obtained constant D values with this strain of B. coagulans, for 4 initial concentrations at 4 temperatures. The thermo-resistometer (Stumbo, 1948b) was employed in obtaining data for constructing survivor curves in this study. This apparatus provides an opportunity to administer accurately controlled heat treatments without applying correction factors for heating lag (Pflug and Esselen, 1955 Frank (1955) . The spores were harvested as described by Frank (1955) taken as the D value for that temperature (Stumbo et al., 1950) . Construction of survivor curves. Survivor curves for B. coagulans were constructed following exposure of spores to various time intervals at 107.2 C in the thermoresistometer. The dilution and plating techniques were the same as those described for spore counts of B. coagulans. After incubation for 4 days at 37 C, colonies were counted and the number of survivors calculated for each time exposure. Data from each series of increasing time intervals at 107.2 C were then incorporated into a survivor curve. Such curves were plotted for each run. Composite curves were constructed after several replications had been made. These curves illustrate the manner of destruction under the specific test conditions. Determinations employing the "tube method" were made each time with the same spore dilution employed in the survivor curve replications.
Statistical analysis. D value data obtained by the "tube method" were subjected to an analysis of variance (Snedecor, 1946) . The results of such analyses are included in tables 1-3. Since the survivor curves were nonlinear, and since the equation(s) for the curves is Thermal resistance data for 3 initial concentrations of B. coagulans spores. Survivor curves for each concentration were constructed as described above. Composite curves from 4 individual replications are seen in figure 1 . Each point on the curve represents the mean value obtained in 4 separate runs. It may be noted that the curves for the 3 concentrations are parallel. The results of the corresponding "tube method" runs are summarized in table 2. As observed with PA 3679 spores, the influence of initial spore concentration is evident. As concentration was increased, the D value rose accordingly. However, with these same dilutions, no change caused by concentration is seen in the rate of destruction curves (figure 1). As will be discussed later, this indicates that the D value (or the method of calculation, see Lewis, 1956) B. coagulans spores. The spore crop of B. coagulans was prepared as described above. The suspension was centrifuged for 15 min at 2,000 rpm in an International centrifuge' and the supernatant liquid decanted; the sedimented cells were labeled the 2,000 fraction. The supernatant liquid from this process was then centrifuged for 15 min at 4,000 rpm in a Servall centrifuge6 and the supernatant liquid decanted;the sedimented cells were labeled the 4,000 fraction. The supernatant liquid from the 4,000 fraction was centrifuged for 15 min at 6,000 rpm in the Servall and the sedimented cells retained as the 6,000 fraction. Composite survivor curves for each of the 3 fractions were constructed as described above using four replications for each fraction. These curves are presented in figure 2 and show that the survivor curves are parallel. The 2,000 rpm fraction was diluted to a spore level comparable with the 6,000 rpm fraction. A survivor curve plotted with this diluted suspension was superimposable upon the curve obtained with the 6,000 rpm fraction. Thermal destruction studies by the "tube method" for these 3 fractions were made with the same dilutions employed in the rate of destruction estimates. From the data obtained (table 3) it is apparent that the spores in the 3 fractions did not possess different resistance. Thermal resistance determinations of a vegetative cell free spore suspension of B. coagulans. The suspension labeled 4,000 fraction was employed as the spore crop for this study. The suspension was concentrated by centrifugation at 0 C, taken up in 25 ml of sterile distilled water, placed for 10 min in a Raytheon 9 Kc sonic oscillator7 (cooled by attaching to an ice water bath), and then centrifuged for 10 min at 2,300 rpm in the Servall at 0 C. The supernatant liquid was decanted, and a stained preparation of the sedimented cells showed a large number of free spores with many vegetative cells. After resuspending the sedimented cells, the suspension was replaced in the sonic oscillator for an additional 15 min, centrifuged at 1,800 rpm for 10 min in the Servall at 0 C, and the supernatant liquid discarded. A stained preparation of the sediment showed that it consisted almost exclusively of spores. Dark phase contrast microscopy confirmed the presence of a large number of ungerminated spores and only an occasional vegetative cell. The spores were resuspended in sterile distilled water in screwcap bottles containing glass beads and stored at 4.4 C. Three replicate survivor curves were made for this spore suspension. A composite curve was constructed from the data obtained and is shown in figure 3 . The curvilinear curve is similar to that obtained with the 4,000 fraction before sonoration (see figure 2 ).
DIscussIoN
The early literature concerning the rate of destruction of unicellular organisms by deleterious agents, especially I Raytheon Corporation, Waltham, Massachusetts. heat, has been reviewed thoroughly in several publications (Falk and Winslow, 1926; Rahn, 1943 Rahn, , 1945b Schmidt, 1954) . Consequently, it is unnecessary to elaborate on the differences of opinion which have existed regarding this subject. However, some implications of the logarithmic order of death, as they pertain to the results obtained in this study, will be discussed.
One implication of the logarithmic order of death is that, regardless of the length of heating time, the fraction of organisms destroyed per unit time does not change, that is, the death rate remains constant. Reynolds and Lichtenstein (1952) analyzed the data of Stumbo et al. (1950) and of Desrosier and Esselen (1951) for PA 3679 spores and stated that the D values reported increased with time of heating. We observed a steady increase in D value with increased time of heating with PA 3679. This suggests that a survivor curve plotted for this organism could not be a straight line since the D values (namely, the reciprocal of the slope) changed with time. Lewis (1956) feels that the method employed for the calculation of D is bound to give an increase of D with successive time periods, even if exponential survival holds, due to computational bias. With B. coagulans, using the "tube method," we also observed the influence of increased heating times on D values. In this case, however, the curvilinear nature of the survivor curves clearly shows that the rate of destruction is not exponential.
Another implication of the logarithmic order of death is that, regardless of the concentration of organisms present at any time during exposure, a constant fraction is being destroyed per unit of time. At a given temperature, therefore, the D value for any initial concentration of organisms should be constant. Sommer (1930) found that an increase in initial concentration of Clostridium botulinum spores resulted in an apparent increase in thermal resistance values. Similar findings have been reported for PA 3679 by Amaha (1953) and Pflug and Esselen (1954) . Our results with PA 3679 agree with the findings of these workers. Table 1 shows that, regardless of the temperature employed, a more concentrated initial number of PA 3679 spores always gave a higher D value. Table 2 shows that the D values of B. coagulans were similarly affected by initial spore concentration. Figure 1 , in which the same 3 dilutions of spores were employed, shows the nonlinearity of the survivor curves for all 3 concentrations. The D value method assumes that concentration does not influence the rate of destruction. Empirically, however, our survivor curves with B. coagulans show that the rate of destruction is not constant; instead of being a straight line as predicted, they are definitely curvilinear. A D value based on the assumed linearity of the survivor curve therefore is not valid.
Another implication of the logarithmic order of death is that a given bacterial population is homogeneous with respect to resistance. This view is consistent with the concept that death of a particular cell is a chance event, and that all cells have the same probability of destruction at any given instant during heating. Attempts have been made to demonstrate the presence of organisms of differing resistances in a given population, and the results have been variable (Magoon 1926; Williams, 1929; Sommer, 1930; Morrison and Rettger, 1930; Davis and Williams, 1948; Sugiyama, 1951; and Desrosier and Esselen, 1951) . Yesair and Cameron (1936) reported that by differential centrifugation they were able to separate a spore crop of a putrefactive anaerobe into fractions of differing thermal resistances. By the methods described above B. coagulans spores were separated into 3 fractions. Figure  2 shows that the survivor curves for these fractions are parallel, indicating that destruction proceeded at the same rate for all 3 fractions, and that this rate was not constant. Thus, by the fractionation methods employed
we were unable to demonstrate the presence of organisms of varying resistance in this strain of B. coagulans. However, it is possible that other means of separation might be more successful.
One final phase of this study was with a vegetative cell free spore suspension of B. coagulans. It has been reported that the presence of dead cells affects the death rate of spores (Watkins and Winslow, 1932; Rahn, 1943) . Since B. coagulans strain 43 P does not sporulate well, a preponderance of vegetative cells is present in any spore crop. We studied the effect of vegetative cells on the shape of the survivor curves by rendering a spore suspension free of its vegetative cells by sonic disintegration. Figure 3 shows a composite survivor curve from 3 replicate determinations. The shape of this curve is essentially the same as that obtained for the 4,000 fraction which was not treated sonically and from which it was obtained (see figure 2 ). These data indicate that the shape of the survivor curves is not affected by the vegetative cells present in the suspension. manner for Bacillus coagulans spores heated at 107.2 C exhibited the same variation. Survivor curves for 3 different initial spore levels of B. coagulans heated at 107.2 C were parallel and nonlinear. Three fractions of B. coagulans spores were separated by differential centrifugation. Survivor curves for these fractions were also nonlinear and parallel. No evidence of differences in resistance among the 3 fractions was demonstrated. A vegetative cell free spore suspension of B. coagulans also gave the typical, curvilinear, survivor curves observed throughout this study.
